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In heart failure (HF), Ca?*/calmodulin kinase IT (CaMKII) expression is increased. Altered Na* channel gating
is linked to and may promote ventricular tachyarrhythmias (VTs) in HF. Calmodulin regulates Na* channel
gating, in part perhaps via CaMKII. We investigated effects of adenovirus-mediated (acute) and Tg (chronic)
overexpression of cytosolic CaMKIIS¢ on Na* current (In.) in rabbit and mouse ventricular myocytes, respec-
tively (in whole-cell patch clamp). Both acute and chronic CaMKIId¢ overexpression shifted voltage depen-
dence of Na* channel availability by -6 mV (P < 0.05), and the shift was Ca?* dependent. CaMKII also enhanced
intermediate inactivation and slowed recovery from inactivation (prevented by CaMKII inhibitors autocam-
tide 2-related inhibitory peptide [AIP] or KN93). CaMKIIdc markedly increased persistent (late) inward I,
and intracellular Na* concentration (as measured by the Na* indicator sodium-binding benzofuran isophthal-
ate [SBFI]), which was prevented by CaMKII inhibition in the case of acute CaMKIIdc overexpression. CaMKII
coimmunoprecipitates with and phosphorylates Na* channels. In vivo, transgenic CaMKIId¢ overexpres-
sion prolonged QRS duration and repolarization (QT intervals), decreased effective refractory periods, and
increased the propensity to develop VT. We conclude that CaMKII associates with and phosphorylates cardiac
Na* channels. This alters In, gating to reduce availability at high heart rate, while enhancing late In, (which could
prolong action potential duration). In mice, enhanced CaMKIIc activity predisposed to VT. Thus, CaMKII-

dependent regulation of Na* channel function may contribute to arrhythmogenesis in HF.

Introduction

Altered Na* channel gating was shown to underlie long QT syn-
drome 3 (LQT3) (1), Brugada syndrome (2), and isolated cardiac
conduction defects predisposing to life-threatening ventricular
tachyarrhythmias (VTs). However, these mutations are relative-
ly rare. Heart failure (HF) is associated with an increased risk
of sudden death mainly caused by VT and fibrillation (3). The
mechanisms are poorly understood, but altered Na* channel gat-
ing may be involved.

Abnormal conduction is the proximate cause of sudden death in
HF, and Na* channels critically determine conduction velocity (4).
A persistent (late) Na* current (Ina,) was shown to cause prolonga-
tion of action potentials (APs) in HF myocytes (5). A tetrodotox-
in-sensitive (TTX-sensitive) pathway was implicated in increased
intracellular Na* concentration ([Na];) in HF (6).

It is known that calmodulin (CaM) regulates Na* channel gating
through binding to an IQ-like motif at the C terminus (7). Down-
stream signaling through Ca?'/CaM-dependent protein kinase II
(CaMKII) may be of relevance, but little is known about CaMKII-
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dependent effects on In.. CaMKIIS is the predominant isoform in
the heart (8). Upon phosphorylation, CaMKII is known to alter
L-type Ca?' channel function, providing an integrative feedback
for oscillatory intracellular free Ca?* ([Ca?];) (8). In human HF
and in an animal HF model, expression and activity of CaMKII
are enhanced 2- to 3-fold (9-11). We have shown that transgenic
overexpression of cytosolic CaMKIIS¢ induces HF (12, 13). Inhibi-
tion of CaMKII was shown to prevent remodeling after myocardial
infarction and excessive f3-adrenergic stimulation (14). CaMKII has
also been linked to VT in a mouse model of hypertrophy (15).

Here we explore the role of CaMKII¢ on Na* channel func-
tion using 2 models. We assessed Na* channel function and
expression in CaMKIIdc-Tg mice, which develop HF. We inves-
tigated acute CaMKIId¢ overexpression (rabbit myocytes) to
avoid unspecific adaptations occurring in HF. We show that
CaMKIId¢ regulates Na* channel gating and [Na];, which may
have implications for HF.

Results

Steady-state inactivation and activation. To assess whether CaMKIIdc¢
regulates Na* channels, we measured steady-state inactivation of
Ina. Figure 1 shows steady-state inactivation as a function of mem-
brane potential (E) in rabbit myocytes. CaMKIId¢ overexpres-
sion in myocytes (hereafter referred to as “CaMKIId¢ myocytes”)
but not B-gal overexpression in myocytes (hereafter referred to as
“B-gal myocytes”) caused a negative voltage shift in Iy, steady-state
inactivation (Vy/2: -83.5 £ 0.8 versus -89.7 + 0.7 mV; P < 0.05; Table 1).
This reduced the fraction of available Na* channels at a given E,,,.
The slope factor k. was unaltered. This effect was Ca?* dependent.
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A Figure 1
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When [Ca?']; was increased to 500 nM, Vi, was further shifted
toward more negative potential (P < 0.05; Table 1). All effects were
reversed using KN93 or autocamtide 2-related inhibitory peptide
(AIP) (Figure 1 and Table 1). Interestingly, both inhibitors increased
the fraction of available Na* channels and reversed the effects of
elevated [Ca?'];, even in B-gal myocytes, suggesting that there may
be some basal CaMKII-dependent Na* channel regulation. Similar

Table 1
Fit parameters of the analysis of Iy, inactivation (rabbit, 10 mM [Na],)

[CaZz];, 100 nM

results were observed using physiologic extracellular Na* concen-
tration ([Nal,) and when investigating CaMKIId¢-Tg mice (Table 2).
Again, CaMKII inhibition blocked all CaMKIId¢-dependent effects
on the E,, dependence of Na* channel steady-state inactivation.
Since steady-state inactivation of Na* channels depends on both
channel activation and inactivation, the current-voltage (I-V) rela-
tion of Iy, in CaMKII§c-overexpressing myocytes was assessed

[Ca?];, 500 nM

CaMKIl5¢ (n) CaMKII5c+ KN93 (n)  CaMKIISc+AIP (n) CaMKII5g (n) CaMKII5¢+KN93 (n)
(p-gal [nl) (p-gal + KN93 [n]) (p-gal +AIP [n]) (p-gal [nl) (p-gal + KN93 [n])
Steady-state inactivation Vi (mV) ~ —89.7 £ 0.7 (18) -80.6+0.8(16)"  —757+11(9*  -958:06[16]* —85.2+0.9[9]
(-835:08[15])*  (-80.8+1.3[7])8  (-77.4:09[8])®  (-90.6+1.1[13])8 (-84.6+1.8[3])
K. (mV) 94+06 9507 92+09 92x05 92+08
(9.2+0.7) (9.2+1.2) (11.7 £ 0.8) (10.8 + 1.0) (9.2 +1.6)
Development of Iy A 0.4 +0.01 (16) 032+0.02 (124  032:001(7)*  044£002(12*  03:0.02(9)°
(0.28 £0.02[13])*  (0.21+0.01[7])®  (0.23+0.01[7])®  (0.31+0.03[10])® (0.34 +0.02 [3])
Kim (s71) 1.1+01 09+0.2 09+0.1 0901 09+0.2
(12£0.2) (0.9£0.1) (1.7£0.1) 09202 (0.9:0.2)
Vo 0.48 +0.02 0.62 + 0.02A 0.65 +0.01A 0.34 +0.02A 0.6 +0.02¢
(0.66 + 0.02)A (0.74 + 0.01)8 (0.7 + 0.01)8 (0.54 + 0.03)8 (0.52 + 0.02)
Recovery from inactivation A 0.87 £ 0.02 (13) 0.92 £ 0.02 (13) 0.89+0.04 (6) 0.87+0.04 (12) 0.92 £ 0.02 (6)
(0.86 £ 0.03 [10]) (0.92 £0.02 [7]) (0.9 +£0.03 [6]) (0.86 £ 0.02 [9]) (0.93 £ 0.02 [4])
Tree (MS) 18+1.1 12+ 0.8~ 77+12A 29.1 + 47 12.5+0.8¢
(12.3£1.2)p (10£0.7)8 (109+1.2) (15.7 +1.4)8 (18£1.2)

Fit parameters (rabbit myocytes, 10 mM [Na],) for steady-state inactivation (average maximum Ina —5.1 £ 0.2 nA, —41.4 + 1.6 pA/pF, Cr, 127.2 + 4.3 pF), devel-
opment of Iy (average maximum Ina —5.3 £ 0.3 nA, —43.8 + 2 pA/pF, Cr, 125.9 + 4.6 pF), and recovery from inactivation (average maximum I, —5.2 + 0.3 nA,
—43.7 + 2.1 pA/pF, Cr, 123.5 + 4.8 pF). Steady-state inactivation was fitted to a standard Boltzmann equation: h. = 1/{1 + exp [(V12 — V))/k-.}. The development of
Im and the recovery from inactivation were fitted with single exponential functions: y (t) = A exp (—kim t) + yo and y (t) = A [1 — exp (—t/ec)], respectively. AP < 0.05
versus CaMKIId¢c 100 nM [Ca2*],. BP < 0.05 versus p-gal 100 nM [Ca?+].. °P < 0.05 versus CaMKIlIdc 500 nM [Ca2+];. PP < 0.05 versus f-gal 500 nM [Ca2+];.
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Fit parameters of the analysis of Iy, inactivation (rabbit and mouse, physiological [Na],)

Rabbit Mouse
CaMKII5¢ (m) CaMKI15¢ + KN93 (n) Tg CaMKllId¢ (n) Tg CaMKIIdc + KN93 (n)
(p-gal [m) (p-gal + KN93 [n]) (WT [m]) (WT + KN93 [n])
Steady-state inactivation Vi (MV) -75.7£0.8 (15) -70.9£0.7 (21)A -71.5£0.9(7) -65+1.3 (3)A
(-71.3+0.9 [10])* (-71.7 0.7 [17]) (-66.6 £ 0.7 [5])*
K- (V) 72+07 8.2+06 8407 77141
(75£0.8) (7.2 £0.6) (7.7 £0.6)
Development of Iy A 0.27 +0.03 (16) 0.22 +0.02 (20)A 0.28 +0.04 (11) 0.13£0.02 (4)A
(0.18 £ 0.02 [10])* (0.13 £0.02 [19])8 (0.06 +0.02 [17])A (0.02 +0.01 [10])8
kim (s7) 0.8+0.2 0.7+01 0.6+0.2 0.6+0.2
(0.8+0.2) (0.7+0.2) (0.6+0.3) (0.6 +0.4)
Yo 0.69 +0.03 0.76 £ 0.02A 0.71£0.04 0.87 + 0.02A
(0.8 £0.02)* (0.84 +0.01)8 (0.94 +0.02)A (0.98 £ 0.01)8
Recovery from inactivation A 0.93+0.02 (15) 0.96 + 0.01 (21) 0.96 + 0.03 (8) 1+£0.03 (3)
(0.95 +0.02 [12]) (0.95 £ 0.01[20]) (0.99 +0.02 [17]) (0.99 + 0.02 [4])
Trec (MS) 9+07 7.9+0.47 8.2+0.8 4.9+ 0.6*
(6+0.4)A (6.5+0.3) (6+0.4)7 (2.7+0.3)8

Fit parameters (140 mM [Na],, 100 nM [Ca?*];) for analysis as shown in Table 1 (Boltzmann equation for steady-state inactivation and single exponen-
tial fits for development of Iy and recovery from inactivation). Steady-state inactivation, average maximum Ina —8.9 + 0.4 nA, —=70.3 + 3 pA/pF,

Cm 129.7 + 4.4 pF for rabbit and —17.1 + 2.2 nA, —78.6 = 8.5 pA/pF, C,, 218.1 + 12.8 pF for mouse. Development of Iy, average maximum Ina

—-9.4 £ 0.4 nA, -73.9 + 3.3 pA/pF, Cr, 130.8 + 4.4 for rabbit and —11.7 + 0.8 nA, —46.3 + 3.4 pA/pF, C, 269.1 + 16.1 pF for mouse. Recovery from inac-
tivation, average maximum Iy, —9.4 + 0.4 nA, =72.9 + 3.1 pA/pF, Cr, 134.8 + 4.8 pF for rabbit and —15.3 + 1.4 nA, -58.9 + 5.3 pA/pF, C, 271 £ 12.7 pF
for mouse. AP < 0.05 versus CaMKIld¢ (rabbit) and CaMKIIdc-Tg (mouse). BP < 0.05 versus B-gal and WT.

(basic cycle length, 2 seconds; Figure 2), with no difference in max-
imal current density observed. There was also no alteration in the
E., dependence of Na* channel conductance (G), suggesting that
Na* channel activation is not altered by CaMKII Therefore, the
differences in steady-state inactivation are most likely ascribable
to altered inactivation.

Intermediate inactivation and recovery from inactivation. We addi-
tionally investigated intermediate inactivation (Inv), a form of Na*
channel inactivation that accumulates over a few hundred millisec-
onds (after fast inactivation [Ifg]) and recovers much more slowly
at negative E, than Iz Enhanced Iy has been implicated in Bru-
gada syndrome (2) and has been suggested to be a consequence
of CaM-dependent Na* channel regulation (7). Iny was measured
using depolarizations of variable duration (P;) followed by a 20-ms
recovery period at -140 mV, allowing for recovery from fast inac-
tivation but not from Ipy. The following test pulse (P;) to -20 mV
activated all channels not in Iy (Figure 3A). Physiologically, only a
small fraction of Na* channels undergo Iy and reduce the amount
of channels available for the second excitation. Figure 3 shows that
CaMKIId¢ overexpression significantly increased the fraction of
channels undergoing Ipv. Curve fitting analysis revealed that the

Figure 2

En dependence of Iy, activation in rabbit myocytes (10 mM [Na+],). (A)
Current-voltage relation (I-V) for CaMKIId. versus f3-gal myocytes. (B)
Ina activation curve, with relative conductance derived from maximal
chord conductance and reversal potential (E.e) for each |-V, and peak
Ina/(Em — Erev). The resulting conductance was normalized to the maxi-
mal chord conductance (usually between —10 and 0 mV). CaMKIlId¢ had
no effect on voltage for half-activation Vi, or slope factor k (mV). Maxi-
mal Ina was —4.3 + 0.2 nA and —49.8 + 2.4 pA/pF (Cr, 88.2 + 5.7 pF)
forCaMKIId.versus—4.1+0.5nAand—42.8 +4.4pA/pF (Crm, 103.8+17.7 pF)
for p-gal (P = NS).
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amplitude A was significantly increased, whereas the rate constant
kv was unaltered (Table 1). Thus, CaMKII§¢ may increase the frac-
tion of channels that can enter I, but not the rate constant of
development of Iy Again, this effect was Ca?* dependent. At high
[Ca?]; (500 nM), the amplitude of Iny was significantly increased
(Table 1). All effects were reversible with KN93 or AIP, which were
also effective in 3-gal myocytes.
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As for steady-state inactivation, a similarly enhanced Ip was
observed using a more physiologic [Na], and in CaMKIId¢
transgenics (Table 2). Again, CaMKII inhibition blocked
CaMKIIdc-dependent effects. In WT and 3-gal myocytes, KN93
reduced the amount of Iy even further (Table 2). Thus, CaMKII
may contribute to Ip, and there may be some basal CaMKII-
dependent Iny in WT mouse and control rabbit cells (with lower
basal I;y in WT).

Inactivation and recovery from inactivation are closely related
and critically determine channel function. Recovery from inac-
tivation was investigated using a sustained depolarization at a
time scale that initiates fast and Ipy (1,000 ms), followed by recov-
ery intervals of increasing durations and a subsequent test pulse
(Figure 4A). In comparison to that of control, recovery from inac-
tivation was slowed in CaMKIId¢ myocytes (Figure 4). Data were

A
—1000 ms ——1-165 ——10ms —

—‘ ms
P| PE

Op-Gal, n=10
W CaMKIIb,, n=13
& CaMKlla_ + KN93, n=13

=20 mV

-140 mV

!

I — ....:|,0 ”1‘60
Time between P, and P, (ms)

Figure 4

® CaMKils_ 500 nM [Cal], n =12
 CaMKIl5, 500 nM [Ca], + KN93 n=6

fit to a single exponential relation. The time constant for recov-
ery from inactivation (T.) increased from 12.3 + 1.2 ms (B-gal)
to 18 = 1.1 ms (CaMKIIdc; Table 1), indicating that recovery was
slower by nearly 50% in CaMKIId¢ myocytes. Either KN93 or AIP
returned Ty to control levels (Table 1). KN93 by itself slightly
reduced T in B-gal myocytes, consistent with a basal CaMKII-
dependent effect on In, recovery from inactivation. The effect
of CaMKIId¢ on Trc was Ca?* dependent, because at high [Ca?*];
(500 nM), Ty increased further, and KN93 completely reversed
this (Figure 4A and Table 1).

These results indicate that CaMKIId¢ activity substantially slows
Ina recovery from inactivation. This may reflect, in part, slower
recovery from Ipy, as there was more Iy in the cases where recovery
was prolonged. The slower In, recovery could also limit Iy, avail-
ability, especially at high heart rates.

p-Gal
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CaMKIld slows Ina recovery from inactivation in rabbit myocytes (10 mM [Na*],). (A) Increasing durations of recovery interval between conditioning
pulse (P1, causing Ina and inactivation) and test pulse (P.). CaMKIId¢ significantly slowed recovery versus -gal, an effect blocked upon CaMKiI|
inhibition (KN93; P < 0.05). Elevation of [Ca?*] to 500 nM in myocytes overexpressing CaMKIId¢ further slowed recovery, and KN93 completely
inhibited this effect. Mean data were fit to a single exponential (fit parameters in Table 1). (B) Original traces of Iy, for different recovery intervals.
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The CaMKIId¢-dependent slowing of Na* channel recovery was
also seen in physiologic [Na‘],, and the effect could be measured in
CaMKII transgenics (Table 2). Consistently, the effect of CaMKIId¢
overexpression was completely reversible with CaMKII inhibition.

Fast, open-state inactivation and [Na];. When Na* channels open,
they close very rapidly, within 10-20 ms, a process called fast or
open-state inactivation. In contrast to Iny, for which no structur-
al correlate has been found yet, the cytoplasmic linker between
domains III and IV and the C terminus of the Na* channel pro-
tein has been suggested to underlie Ig,. Mutations in these
regions are known to disrupt this process, leading to LQT3. Since
the putative target of CaMKII-dependent regulation could be
located there, we investigated the effect of CaMKIIS¢ on fast Ina
decay. Acute CaMKIIdc overexpression significantly slowed the
late component of fast Iy, inactivation (see T, Figure SA), which
was sensitive to KN93.

When myocytes from CaMKIIdc-Tg mice were assessed, initial
and late components (T, Tz; Figure 5B) of In. decay were signifi-
cantly slowed compared with those of WT myocytes. However,
KN93 did not reverse the effect in mice, leaving more open the
role of CaMKII in this transgenic mouse model.

Incomplete Iy, inactivation during the AP can influence AP
duration and [Na]; and can also be arrhythmogenic. Figure 6, A
and B, shows a distinct persistent In, component in both acute and
chronic CaMKII overexpression that is not seen in 3-gal rabbit or
WT mouse myocytes. Again, KN93 prevented this persistent In, in
CaMKII§c rabbit myocytes, but not in mice.

To assess the impact of these alterations in late I, on Na*
influx, we integrated the late In, (50-500 ms) and normalized it to
the cytosolic volume. For rabbit, values were (in uM): CaMKIIdc¢
(versus B-gal), -7.47 + 0.77 (-3.04 + 0.92); and CaMKIIc+KN93
(versus B-gal plus KN93), -3.35 + 0.36 (-2.84 = 0.63). For mouse,
integrals were Tg (versus WT), -8.23 + 1.60 (-2.05 + 0.60); and Tg
plus KN93 (versus WT plus KN93), -7.9 + 2.46 (-1.89 £ 0.61). If
the amount of Na* entry was extrapolated to 1 minute, the Na*
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Figure 5
CaMKII§. slows fast decay of Ina. (A)
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influx was 1.0 £ 0.1 versus 0.4 £ 0.1 mM/min (rabbit, CaMKIIdc
versus 3-gal) and -1.1 + 0.21 versus -0.27 + 0.08 mM/min (mouse,
Tg versus WT). Interestingly, the increased amount of Na* influx
upon CaMKII overexpression strikingly resembles the TTX-sensi-
tive Na* entry suggested to cause elevated [Na];in an HF model
with increased CaMKII activity (6, 11).

To assess whether the CaMKII-dependent alterations in In, gat-
ing cause increased [Na];, we measured [Na]; in field-stimulated
myocytes. In CaMKIIdc-overexpressing rabbit myocytes, [Na]; was
significantly increased at all stimulation frequencies compared
with that in control. This increase was completely reversed by
KN93 (Figure 6C). In CaMKIIdc-Tg mice, [Nal; was also signifi-
cantly elevated (versus WT), but the increase was not reversible
with KN93 (Figure 6D).

Association of CaMKII with Na* channels and CaMKII-dependent phos-
phorylation. Coimmunoprecipitation studies revealed that CaMKII
associates with Na* channels in both mouse and rabbit tissue (anti-
Pan Na,, an antibody recognizing all Na* channel isoforms; Figure 7,
Aand B). Western blotting of the immunoprecipitates repeated with
cardiac-specific anti-Na,1.5 showed similar results (data not shown),
proving that the cardiac Na* channel isoform interacts with CaMKIL
Using immunocytological staining, CaMKIId¢ and Na* channels
were found to be colocalized in CaMKIId¢-overexpressing myocytes
(Figure 7C). No colocalization was seen when the anti-HA antibody
was used in control-transfected myocytes (data not shown).

CaMKII-dependent phosphorylation of Na* channels was inves-
tigated using ATP-y-32P. First, we exposed immunoprecipitated
Na' channels from WT mice to purified preactivated exogenous
CaMKII (Figure 7D). Exogenous CaMKII clearly phosphorylated
Na'* channels, and this effect was inhibited when KN93 or AIP were
included, but not when PKA and PKC were blocked (Figure 7E).

Since endogenous CaMKII associates with the Na* channel, we
tested whether endogenous myocyte CaMKII can phosphorylate Na*
channels in the myocyte (Figure 7F). Saponin-permeabilized rabbit
myocytes were exposed for S minutes to internal solution at 50 nM
Volume 116 ~ Number 12
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[Ca?] or 500 nM [Ca?*] plus 2 uM CaM (to activate endogenous
CaMKII). The extent of CaMKII-dependent Na* channel phosphory-
lation was assessed afterward by Na* channel immunoprecipitation
and subsequent back-phosphorylation with exogenous preactivated
CaMKII and ATP-y-32P. Activation of endogenous CaMKII (500 nM
[Ca?"]) reduced back-phosphorylation (lane 2 versus lane 1), indicat-
ing increased Na* channel phosphorylation upon activation of cellu-
lar CaMKIIL Inclusion of AIP in the myocyte preincubation prevent-
ed the increased phosphorylation (lane 3, Figure 7F). Interestingly,
overexpression of CaMKIId¢ increased the phosphorylation level
(decreased back-phosphorylation) of Na* channels at 50 nM [Ca?']
to a level comparable to that attained in the control at the 500 nM
[Ca?*] incubation. Thus, CaMKII associates with the Na* channel,
and the endogenous CaMKII can phosphorylate the channel.
Western blotting revealed significantly increased Na* channel
expression in hearts from Tg mice (1.6-fold versus WT; Figure 7G).
However, In, was not significantly different in Tg versus WT hearts
3132
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(-127.1+ 16 pA/pF versus -109 + 22.4 pA/pF, respectively, at -30 mV;
n=S5versus 9; P=NS;average maximum In,,-15.1 £ 1nA,-115.5+15.2
pA/pF, membrane capacitance [Cy,], 197.3 £ 21.7 pF). In contrast,
Na* channel expression was not altered in rabbit myocytes acutely
overexpressing CaMKIIO¢ (Figure 7H).

CaMKII and arrhythmias. To test whether CaMKII§¢ mice were
prone to VT, we performed electrophysiological measurements in
vivo (Figure 8). Application of 2 consecutive premature beats via
programmed electrical stimulation induced monomorphic and
polymorphic VT. In addition, 1 Tg mouse died because of spon-
taneous ventricular fibrillation immediately after recordings were
started. In contrast, no arrhythmias were observed in WT mice
(Figure 8, A and C). In separate experiments, application of iso-
proterenol (2 mg/kg, i.p.) increased heart rate from 460 + 50 to
680 + 10 bpm for WT mice, but no arrhythmias were observed
(Figure 8, B and C). In contrast, in Tg mice, isoproterenol infusion
induced monomorphic VT. Analysis of resting ECG parameters
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CaMKIl-dependent association with and phosphorylation of Na+ channels. (A and B) Equal amounts of CaMKII were IP from mouse hearts
(A, Tg versus WT) and rabbit myocytes (B, CaMKII3, versus nontransfected cells) and subjected to immunoblotting. CaMKII IP showed CaMKI|
association with Na+ channels in WT and Tg hearts (n = 3 and n = 3, respectively), while IP with polyclonal rabbit anti-Ca,1.2a did not. Similar
results were seen in rabbit myocytes (CaMKIId¢ and nontransfected cells, n = 4 and n = 2, respectively). (C) Colocalization of CaMKIl and Na*
channel in rabbit myocytes with immunocytological staining. (D and E) Autoradiograms measuring 32P incorporation into Na* channels. Equal
amounts of Na+* channels were immunoprecipitated from WT mouse hearts (n = 3) and directly phosphorylated with or without CaMKII, KN93
(50 uM), AIP (5 uM), or PKA/PKC inhibitor cocktail (PKA/C-I; 1 uM). (F) Endogenous CaMKII-dependent Na+ channel phosphorylation was acti-
vated in permeabilized rabbit myocytes by preincubating for 5 minutes in internal solutions of 500 nM [Ca?*] plus 2 uM CaM (versus 50 nM [Ca?+]).
Sites not already phosphorylated were subsequently back-phosphorylated in Na* channel immunoprecipitates (equal amounts) by exogenous
preactivated CaMKIl and ATP-y-32P. The intensity of 32P is inversely related to the CaMKII-dependent phosphorylation during preincubation.
(G and H) Western blots (anti-Na, Pan) show upregulation of Na+ channel expression in CaMKIId¢c-Tg versus WT mice (relative to calsequestrin
[CSQ]) but unaltered expression in CaMKIId¢ rabbit myocytes (data pooled for MOI 10 and 100).

(Figure 8D) revealed that the corrected QT (QT.) interval and QRS
duration were significantly prolonged in Tg versus WT mice. Inter-
estingly, the PR interval was significantly shortened in Tg mice.
CaMKII has been previously implicated in AV nodal conduction
(16). To assess whether CaMKIIdc overexpression alters AP dura-
tion depending on the heart rate, monophasic APs (MAPs) were
recorded in isolated perfused hearts. After AV node ablation, Tg
hearts had higher intrinsic ventricular heart rates. Spontaneous
basic cycle lengths (BCLs) were 325 + 30 ms (WT) versus 231 + 16 ms
(Tg) (n = 21 versus 22; P < 0.05). At high pacing frequencies (BCL,
100 ms), MAP duration was not significantly different for Tg versus
WT hearts (Figure 8, E and F). It is possible that enhanced steady-
state Na* channel inactivation and disturbed open-state inactiva-
tion may counterbalance each other. At lower pacing frequencies
physiological for mice, MAP duration was significantly prolonged
in Tg hearts. This was not reversible by CaMK inhibition, suggest-
ing that other effects, possibly related to adaptation or HF, also
affect repolarization in the chronic CaMKII expression model.

The effective refractory period (ERP) was decreased in Tg
hearts (WT, 27 + 3 ms, Tg: 20 + 4 ms; n = 14 versus 21; P < 0.05),
resulting in progressive encroachment of excitation, a scenario
known to cause VT (17).
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Discussion

The present study shows for the first time to our knowledge that
CaMKII regulates Na* channel function in myocytes, most likely
by association with and phosphorylation of Na* channels. This is
based on our findings that CaMKII coimmunoprecipitates with
and phosphorylates Na* channels; and that acute CaMKIIS¢ over-
expression slows fast In, inactivation, enhances late In,, increases
[Na];, but also enhances accumulation of intermediate Iy, inactiva-
tion, slows recovery from inactivation, and shifts steady-state inac-
tivation of Na* channels to more negative E,,, in a Ca?*-dependent
manner. Moreover, all of these effects could be reversed with CaMKII
inhibition. All these effects were also seen in Tg mice overexpress-
ing CaMKIIdc, although impaired inactivation and elevated [Na];
were not reversed by acute CaMKII inhibition. Overall, these
effects prolong Na* influx during depolarization (possibly explain-
ing enhanced [Na];) but increase steady-state inactivation of Na*
channels at shorter diastolic intervals. This could be particularly
arrhythmogenic, and since CaMKII is elevated in HF (9, 10), these
effects could cause an acquired form of arrhythmogenesis. Indeed,
the altered Na* channel phenotype caused by CaMKII is very simi-
lar to that caused by the 1495InsD mutation in human Na,1.5 that
is linked with features common to LQT3 and Brugada syndrome
Number 12 3133
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(18, 19). CaMKII§c-Tg mice were also prone to VT (with reduced
effective refractory period, prolonged QRS duration, and disturbed
repolarization). While Na* channel-independent effects could also
contribute to this arrhythmogenesis in CaMKIId¢-Tg mice, the
documented Na* channel phenotype may well be involved.

Na'* channel regulation by kinases. Na* channels are isoform-specifi-
cally regulated by kinases including PKA and PKC. PKA-depen-
dent phosphorylation (at Ser526 and Ser529) in the I-II cyto-
plasmic linker increases whole-cell conductance without altering
channel gating resulting from an increased number of functional
Na* channels, possibly by altering channel trafficking, although
cAMP-dependent enhancement of Na* channel steady-state inac-
tivation has also been reported (20). PKC-dependent phosphoryla-
tion (Ser1505) in the ITI-IV linker reduces maximal conductance
and enhances steady-state inactivation (20).

Deschénes et al. (21), using heterologous Na* channel expres-
sion, showed that the CaMK inhibitor KN93 slowed In, decay and
shifted steady-state inactivation in the depolarizing direction, but
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the specific CaMKII inhibitor AIP did not alter In, gating. They
concluded that a CaMK other than CaMKII (e.g., CaMKIV) might
have been responsible for In. modulation. However CaMKIV
expression levels in heart are low and primarily nuclear (8), so that
CaMKIV is unlikely to modulate In,. Here we show that overex-
pression of the predominant cardiac cytosolic CaMKIId¢ enhanced
steady-state and I of Na* channels. Thus, some effects previously
attributed to CaM may actually be mediated by CaMKIIdc. In the
present study, AIP reversed the effect of CaMKIId overexpression
on steady-state Iy, inactivation but also produced smaller shifts in
control myocytes (Table 2). This is consistent with some baseline
CaMKIId¢ effect on Na* channels in 3-gal.

CaMKIId¢ association and CaMKII-dependent phosphorylation. CaM
associates with Na* channels (to an IQ motif in the C terminus)
(7, 22). We show here that CaMKIIdc also associates with Na*
channels. We also show that exogenous CaMKII can phosphory-
late Na* channels and, importantly, that endogenous CaMKII in
rabbit myocytes can phosphorylate the Na* channel at a [Ca?'];
December 2006
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that is physiologically relevant (500 nM). Moreover, when CaMKII
was overexpressed in these myocytes, the Na* channel was more
phosphorylated even at diastolic [Ca?*]; level (50 nM). These results
suggest that the observed CaMKII- and [Ca?*]i-dependent I, gat-
ing changes (Figures 1-6) may be due to Na* channel phosphoryla-
tion by CaMKII that is associated with the Na* channel.

It is unclear whether CaM preassociated with the Na* channel
participates in activating CaMKIIL However, Na* channels may, like
many ion channels, be a multiprotein regulatory complex (23).

In the present study, acute CaMKIId¢ overexpression did not
alter functional I, expression, according to maximal Iy, density
and protein expression levels. This suggests that CaMKIIdc-depen-
dent Na* channel regulation may not involve primary effects on
Na* channel expression or trafficking. However, Tg mice exhib-
iting HF showed significantly more Na* channel expression but
unaltered maximal In, density. This could be a consequence of
the HF phenotype, but limited available data suggest that peak
Ina density is unaltered in HF (24). Possibly, CaMKII-dependent
reduction in Iy, availability in rapidly beating Tg mouse hearts
causes a compensatory upregulation of Na* channel expression.
However, the unaltered peak In, may also mean that some Na*
channels are less functional (e.g., due to altered channel type,
internalization, gating behavior).

Enbanced steady-state and In. Several types of Iy, inactivation have
been distinguished (3): (a) If.sc occurring over 2-10 ms (in our anal-
ysis with 2 time constants) and recovers rapidly at negative Ey,; (b)
Iim, which accumulates after Ipg has occurred (over hundreds of
milliseconds) and recovers more slowly; (c) slow inactivation from
the open state (over hundreds of milliseconds); and (d) ultra-slow
inactivation, which occurs over many seconds (not studied here).
These can all influence Na* channel steady-state inactivation, AP
duration, and Na* flux balance.

CaMKIId¢ overexpression shifted steady-state inactivation of Ina
to more negative E,, and increased the fraction of channels under-
going Ijm. Since these recover with slower kinetics, fewer channels
would be available for the next excitation at normal heart rates.
These effects are thus interrelated functionally (and possibly
mechanistically). Indeed, both effects were reversed by CaMKII
inhibition. A similar reduction in channel function was shown to
underlie Brugada syndrome (2).

Impairment of Iy and [Na];. Acute CaMKIId¢ overexpression also
slowed fast In, inactivation (Figure SA), enhanced late Iy, (Figure 6A),
and increased [Na]; (Figure 6C). All effects were prevented by
CaMKII inhibition, implicating acute effects of CaMKIIL These
3 effects are also functionally related and perhaps mechanisti-
cally associated. Slowed I, inactivation could prolong AP dura-
tion, leading to early afterdepolarizations (EADs) or LQT3-like
propensity for arrhythmias. In addition, the elevated [Na]; as a
consequence of slowed Iy, inactivation would tend to cause Ca?*
overload-induced spontaneous sarcoplasmic reticulum (SR) Ca?*
release and transient inward current (via Na*/Ca?" exchange) that
underlie delayed afterdepolarizations (DADs) (3).

In HF, these arrhythmogenic effects could be exacerbated by the
already elevated [Na]; (attributed to TTX-sensitive Na* entry) and
elevated Na* entry via slowly inactivating or noninactivating In.
(5, 6, 25). The increased CaMKII expression and activation in
HF (9-11) could produce the gamut of In, and [Na]; alterations
described here upon CaMKIId¢ overexpression (enhancing arrhyth-
mogenesis in HF). The elevated [Nal; reported here is unlikely to
be explained by a Na* “window current” (occurring at E,,, where
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steady-state activation and inactivation curves overlap) (26). This
is because the activation curve is unaltered, while steady-state inac-
tivation is shifted in the hyperpolarizing direction, a combination
which would reduce window In..

Acute and chronic CaMKIIdc overexpression produced the same
qualitative changes in In, gating and [Na];, and for acute overex-
pression, all of the effects could be completely reversed by CaMKII
inhibition. However, in CaMKIIdc-Tg mice, some of these changes
(slowed open state In, inactivation, persistent In,, elevated [Nal;)
were not reversed by KN93 application. Thus while CaMKII¢ can
mediate the whole array of In, and [Na]; effects (based on the acute
adenoviral studies with and without KN93 or AIP), there may be
other effects in chronic HF or CaMKII§¢ overexpression that mimic
or sustain the CaMKII effect on slowing Ix, inactivation. It is not
clear what the cause may be, but possibilities that may merit future
study include the following: (a) Conceivably another protein kinase
activated during hypertrophy or HF might phosphorylate the same
Na* channel sites as CaMKII, causing slow open-state Iy, inactiva-
tion and enhancing late In; (b) There could be less local phosphatase
at the Na* channel in HF (as reported for the ryanodine receptor;
refs. 11, 27); (c) Normal cardiac Na* channels can also shift into a
bursting mode to produce persistent In, (28, 29), and persistent Ix,
may have different TTX sensitivity and Er, dependence from tran-
sient I, (30) and contribute to lengthening AP duration in HF (5);
(d) Some of the additional Na* channels expressed in CaMKII8¢-Tg
mice (Figure 7G) could be an altered form with weaker inactiva-
tion. Regardless of the underlying mechanism, an impaired fast Na*
channel inactivation mimics the functional defects of mutant Na*
channels associated with congenital LQT3 (1, 31) and therefore may
not only prolong AP and increase [Na]; but also predispose to VT.

Divergent effects on gating and possible clinical implications for arrhyth-
mias. CaMKIIS¢ enhances steady-state and Iy, while at the same
time impairing Ige and enhancing persistent In.. Strikingly similar
changes in Na* channel gating were shown for a human mutant
Na* channel (Asp insertion at 1795 in the C terminus), which shows
simultaneous LQT3-like and Brugada-like phenotypes (18). Mutant
1795insD Na* channels expressed in mammalian cells exhibit a shift
in steady-state inactivation to negative potentials (with unaltered
activation), slowed inactivation, induced persistent In,, and delayed
recovery from inactivation (18, 19). The net effect of both changes
would be heart rate dependent. At low frequencies, impaired If
and persistent Iy, outweigh the slowed recovery from inactivation
because of long-lasting diastolic intervals. This would favor AP
prolongation, consistent with LQT3 syndrome (1) but also HF (4).
However, at higher heart rates, there was incomplete In, recovery,
reduced Iy, availability, and AP shortening. The consequent loss of
Na* channel function would then slow propagation and increase
dispersion of repolarization. This dual scenario was also demon-
strated by computational simulations that incorporate the altered
Ina gating properties (32). Similarly, this mixed I, phenotype was
reported in a mutant Na* channel (33) with the C terminus trun-
cated at Ser1885 exhibiting negatively shifted steady-state channel
inactivation (unchanged activation) and an increase in the fraction
of channels that fail to inactivate (slowed inactivation). Therefore,
it is conceivable that increased CaMKIId¢ activity in HF (9, 10) may
alter Na* channel gating, thereby generating the substrate for VT.

Indeed, CaMKIIdc-Tg mice showed an increased propensity for
VT in vivo. We show that in CaMKIId¢ mice, QRS duration was
prolonged, indicating slowed intraventricular conduction, which
is known to be proarrhythmic in Brugada syndrome. We also show
Volume 116 3135
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that repolarization was disturbed in Tg mice, which favors VT in
LQT3 patients. MAP duration was significantly prolonged, such
that enhanced late In, with CaMKIId¢ overexpression could con-
tribute to AP prolongation, EADs, and LQT3-like arrhythmias.

The resulting increased [Na]; could also drive up SR Ca?* content
via Na*/Ca?* exchange, leading to spontaneous SR Ca?* release and
DADs. Interestingly, MAP prolongation was only observed at slower
pacing frequencies, indicating heart rate dependence. The CaMKII-
dependent In, modulation reported here may be an acquired form
of combined LQT3 and Brugada syndrome, in otherwise normal
Na' channels. Such an acquired Na* channel dysfunction may con-
tribute to arrhythmias under conditions wherein CaMKII effects
are enhanced, as in HF (9-11).

While CaMKII-dependent Na* channel gating may contribute to
the arrhythmias seen in CaMKIIdc-Tg mice, changes in other ion
channels may certainly also contribute and exacerbate the arrhyth-
mogenic potential of CaMKII-modified Na* channels. CaMKII
alters L-type Ca?* current and mediates Ic, facilitation, and a reac-
tivation of Ic, during the AP can cause EADs (15, 34). CaMKII-
dependent phospholamban phosphorylation also enhances SR
Ca?* ATPase activity (12), and the increase in SR Ca?* content would
tend to increase spontaneous SR Ca?" release. Additionally, CaMKII-
dependent ryanodine receptor phosphorylation increases spontane-
ous Ca?" release events (12, 13, 35). Both of these SR effects could
enhance DADs and trigger arrhythmias independent of Na* channel
effects. Further studies are required to isolate the relevance of these
mechanisms to the arrhythmogenesis in CaMKII-Tg mice.

In summary, our study revealed that CaMKII associates with and
phosphorylates cardiac Na* channels. CaMKIId¢ increases steady-
state Na* channel inactivation through enhanced In and slows
channel recovery. In contrast, CaMKII also slows open-state inacti-
vation, thereby increasing late In, and [Nal;. This study characteriz-
es CaMKII effects on Na* channel gating that may have important
clinical implications for a much larger poluation of patients than
those documented to have genetic LQT3 or Brugada syndromes.
However, further studies are required, e.g., investigating which Na*
channel sites associate with and are phosphorylated by CaMKII
and precisely how important this pathway (versus others) may be
arrhythmogenic in HF.

Methods

CaMKIIdc-Tg mice. Tg mice were generated as previously described (12). We
used 5.5 + 0.3-month-old CaMKII¢-Tg mice with HF (12) and age- and
sex-matched WT littermates. Ventricular myocytes were isolated (13) and
kept in modified Tyrode solution (in mM): 137 NaCl, 5.4 KCl, 1.2 MgSO,,
1.2 Na,HPOy, 20 HEPES, 15 glucose, 1 CaCl, (pH 7.4). All animal studies
were approved by the Ethics Committee of the Medical Faculty of the Uni-
versity of Gottingen (Gottingen, Germany).

Adenovirus-mediated CaMKIIdc transfection of rabbit myocytes. Ventricular myo-
cytes were isolated from rabbits and plated on culture dishes (36). Transfec-
tion with recombinant adenovirus encoding for HA-tagged CaMKIId¢ (or
B-gal as control) was performed at an MOI of 100 during plating of rabbit
myocytes in supplemented M199 culture medium for 24 hours (34, 37).

Western blots. Transfected rabbit myocytes were harvested and lysed in Tris
buffer (in mM: 20 Tris-HCL, 200 NaCl, 20 NaF, 1 Na3zVOu, 2% 3-[(3-cholamid
opropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 1 DTT [pH 7.4])
and complete protease inhibitor cocktail (Roche Diagnostics) by trituration.
Whole mouse hearts were homogenized in Tris buffer. Protein concentration
was determined by BCA assay (Pierce Biotechnology). Denatured cell lysates
and tissue homogenates (30 minutes, 37°C in 2% 3-mercaptoethanol) were
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subjected to Western blotting (7.5% SDS-polyacrylamide gels) using a rab-
bit polyclonal anti-Pan Na, or cardiac-specific anti-Na,1.5 (1:500; Alomone
Labs) as primary and an HRP-conjugated donkey anti-rabbit IgG (1:10,000;
Amersham Biosciences) as secondary antibody. Chemiluminescent detection
was done with SuperSignal West Pico Substrate (Pierce Biotechnology).
Coimmunoprecipitation. Whole mouse hearts were homogenized in Tris
buffer (in mM: 50 Tris-HCI, 200 NaCl, 20 NaF, 1 NazVO,, 1 DTT [pH 7.4])
and protease inhibitor cocktail. Protein concentration was determined
by BCA assay. Rabbit myocytes were lysed as described above. Mouse
homogenates (1 mg protein) and rabbit cell lysates were suspended in
dilution medium (in mM: 50 Tris-HCI, 154 NaCl, 1% CHAPS, 1 NaF,
1 Na3VO, [pH 7.4]) and protease inhibitor cocktail. CaMKII was
immunoprecipitated with rabbit polyclonal anti-CaMKII antibody (3 ug/mg
protein, preincubation at 4°C overnight; M-176; Santa Cruz Bio-
technology Inc.) and protein G-sepharose Fast Flow (prewashed;
2 hours, 4°C; Amersham Biosciences). As control, rabbit polyclonal anti-
Ca,1.2a (Alomone Labs) was used. After centrifugation, the pellets were
washed with Tris buffer (in mM: 50 Tris-HCl, 154 NaCl [pH 7.4]), and
immunoprecipitated proteins were eluted in 2x Laemmli sample buffer
containing 4% p-mercaptoethanol (30 minutes, 37°C) followed by cen-
trifugation. Supernatants were subjected to Western blotting.
Immunoprecipitation and back-phosphorylation. Na* channels were
immunoprecipitated using anti-Pan Na, (5 ug/mg) and protein G-sepha-
rose (2 hours, 4°C). Immunoprecipitated Na* channels were resuspended in
1x CaMKII reaction buffer (in mM): 50 Tris-HCl, 10 MgCl,, 2 dithiothreitol,
0.1 Na, EDTA (pH 7.4). CaMKII (30 U) was preactivated (New England Bio-
labs Inc.) in either the presence or absence of CaMKII inhibitors KN93, AIP,
or PKA/PKC inhibitor cocktail (peptide inhibitors of both PKA and PKC;
Upstate USA Inc.). Immunoprecipitated proteins were phosphorylated with
CaMKII (30 minutes, 30°C) in the presence of ATP-y-32P with a specific activ-
ity of 5.7 Ci/mmol. Beads were washed with RIPA buffer, and proteins were
eluted with 2x Laemmli sample buffer containing 4% B-mercaptoethanol
(30 minutes, 37°C) followed by centrifugation. Supernatants were separated
on SDS-7.5% polyacrylamide gel, and phosphorylated proteins were visual-
ized using a phosphoimager. For some experiments, rabbit myocytes were
saponin permeabilized (35). After 5 minutes superfusion with a relaxation
buffer containing (in mM) 150 K-aspartate, 0.1 EGTA, 5 ATP, 10 HEPES,
0.25 MgCl,, and 10 reduced glutathione (pH 7.4, 23°C), 50 ug/ml saponin
was added for 30 seconds. After permeabilization, myocytes were exposed to
internal solution composed of (in mM) 120 K-aspartate, 1 EGTA, 10 HEPES,
5 Na,ATP, 10 reduced glutathione, 5 U/ml creatine phosphokinase, 10 phos-
phocreatine, 4% dextran (Mr, 40,000), 5.7 MgCl, (1 free [Mg]), 0.25 CaCl,
(50 nM free [Ca?']), PKA inhibitory peptide (PKI; 15 uM), pH 7.2. After 5
minutes equilibration, okadaic acid (2 uM) was added to prevent dephos-
phorylation, and for 5 minutes, free [Ca?*] was either left at 50 nM or raised
to 500 nM (plus 2 uM added CaM; Upstate USA Inc.) to activate endogenous
CaMKIIL. Then myocytes were harvested and lysed, and Na* channels were
immunoprecipitated (dilution medium with 20 mM NaF) and subjected to
phosphorylation by exogenous preactivated CaMKII as described above.
Coimmunocytochemical staining. Transfected myocytes were washed (PBS),
fixed (4% paraformaldehyde, 30 minutes, room temperature), and blocked
with 1% BSA (overnight, 4°C). Cells were incubated with primary antibodies
(monoclonal mouse anti-HA, 1:100 [Roche Diagnostics|; rabbit polyclonal
anti-Na, 1.5, 1:60) in 0.5% BSA and 0.75% Triton X-100 (1 hour, 37°C). After
washing (PBS), incubation with secondary antibodies (Texas red-conju-
gated goat anti-mouse IgG, fluorescein-conjugated goat anti-rabbit IgG,
1:200; Jackson ImmunoResearch Laboratories Inc.) was done in 0.5% BSA
(1 hour, 37°C). Cells were covered with VECTASHIELD HardSet Mounting
Medium (Vector Laboratories) and viewed using an LSM 5 Pascal confocal
microscope (Zeiss). For control, no primary antibodies were used.
Volume 116

Number 12 December 2006



Patch-clamp experiments. Ruptured-patch whole-cell voltage-clamp was
used to measure In, with microelectrodes (2-3 MQ, room temperature).
Liquid junction potentials were corrected before GQ seal establishment.
Pipette resistance was compensated in cell-attached configuration. C, and
series resistance (R,) were compensated automatically (using small negative
pulses; where currents were capacitive, they were scaled and subtracted from
currents during test pulses), largely eliminating capacitance spikes from the
records. Cr, and R, were compensated after patch rupture; access resistance
was typically less than 7 MQ. A continuous R; compensation was done dur-
ing measurements (50%). All recordings were done S minutes after rupture.
Signals were filtered with 2.9- and 10-kHz Bessel filters and recorded with
an EPC10 amplifier (HEKA). Pipettes were filled with (in mM) 40 CsCl,
80 Cs-glutamate, 10 NaCl, 0.92 MgCl,, 5 Mg-ATP, 0.3 Li-GTP, 10 HEPES,
0.03 niflumic acid, 0.02 nifedipine, 0.004 strophanthidin, 5 BAPTA (tetra-
cesium salt), 1 5,5'-dibromo BAPTA (tetrapotassium salt), 1.49 CaCl, (free
[Ca?*];, 100 nM), or 3.73 mM CaCl, (free [Ca?*];, 500 nM) (pH 7.2, CsOH).

The bath solution contained (in mM) 10 NaCl, 130 tetramethylam-
monium chloride, 4 CsCl, 1 MgCl,, 10 glucose, 10 HEPES, 0.0001
thapsigargin (pH 7.4, NaOH). Nifedipine, strophanthidin, and
thapsigargin were added to the pipette and bath solution. Low [Na],
solutions were used for better voltage control. We cannot exclude voltage
errors completely, but the Iy, amplitudes were similar among groups, so
comparisons should still be valid. Some experiments were done in physi-
ologic [Na], with bath solution containing 140 mM NaCl without tetra-
methylammonium chloride. In all experiments, myocytes were mounted
on the stage of a microscope (Eclipse TE2000-U; Nikon).

[Na]i. Myocytes were loaded with 10 uM sodium-binding benzofuran
isophthalate-AM (SBFI-AM; Invitrogen) for 2 hours at room temperature
(36, 38), mounted on the microscope stage, and superfused with Tyrode
solution (in mM): 140 NacCl, 4 KCl, 1 MgCl,, 5 HEPES, 10 glucose, 1
(mouse) or 2 (rabbit) CaCl, (pH 7.4, 37°C). Myocytes were paced at vari-
ous stimulation frequencies using field stimulation (10-20 V). SBFI was
alternately excited (340 and 380 nm), and emitted epifluorescence was
monitored at 510 nm (Fs4 and Fsgo) and recorded (IonOptix Corp.). After
washout of external dye, background fluorescence was determined. The
ratio Fs40/F3s0 was calculated from the background-subtracted emission
intensities and converted to [Na].. In situ calibration of SBFI was accom-
plished as described previously (39).

Electrophysiological studies in vivo. Electrophysiological studies in vivo
were performed similarly to those in a previously described study (40).
Mice were anesthetized with isoflurane and intubated endotracheally.
Animals were placed on a thermoregulated table (37°C) and ventilated
with isoflurane (2%) vaporized in 100% O, using positive pressure ven-
tilation (6 ul/g tidal volume, 140 breaths/min). Subcutaneous 27-gauge
needles were placed in all limbs for ECG recordings. Resting ECGs were
analyzed for RR interval, heart rate QT. (41), QRS width, and PR inter-
val. After measurement of resting ECGs, the thorax was carefully entered
by an abdominal access through the diaphragm to avoid cardiac injury,
and epicardial electrodes were attached to the ventricles. Standard pac-
ing protocols were used to determine electrophysiologic parameters (at
twice the diastolic capture threshold). Induction of arrhythmias was
attempted using programmed stimulation. Ten spontaneous beats were
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sensed, followed by 2 consecutive premature beats (S2-S3) at 38-ms
intervals. Reproducibly induced VT was defined as 2 consecutive induc-
tions of VT with at least 4 consecutive beats of ventricular origin.

For isoproterenol experiments, animals were anesthetized using 2.5%
Avertin, and an equivalent of a lead II recording at 10 kHz was performed.
After stabilization of the preparation, a control recording period (2 min-
utes) was followed by intraperitoneal injection of isoproterenol (2 mg/kg),
and ECGs were recorded for an additional 5 minutes.

MAP measurements in the intact, beating heart. MAPs were recorded from
right- and left-ventricular epicardium of isolated, Langendorff-perfused
hearts as described previously (15, 42). Right-ventricular septal stimula-
tion at fix pacing cycle lengths and S2 extra stimulation for determination
of effective refractory periods were performed using an octapolar catheter
(CIBER MOUSE; NuMED). Recordings were digitized at 2 KHz and ana-
lyzed for MAP duration.

CaMKII inbibitors. KN93 (Seikagaku Corp.) or AIP (Sigma-Aldrich) were
added to the pipette solution (final concentration 1 or 0.1 uM, respective-
ly). For back-phosphorylation concentrations in reaction buffer were 50 or
5 uM, respectively. For measurements of [Nal; and MAP recordings, KN93
(1 uM) was added to the Tyrode solution and perfusate, respectively.
Wash-in-washout experiments were performed in the isolated heart.

Statistics. All data are expressed as mean = SEM. To study If., Ina decay
(first 50 ms) was fitted with a double exponential function. For late compo-
nent of In, decay analysis, recordings at -20 mV (1,000-ms duration) were
leakage subtracted using the remaining current after 1,000 ms of depolar-
ization, followed by normalization to peak current. The current integral of
the resulting current between 50 and 500 ms was calculated.

Fits were tested for significant difference using F tests. For longitudi-
nal data, 2-way repeated-measures ANOVA was run; otherwise, Student’s
unpaired ¢ test was used. For MAP recordings only, Student’s paired ¢ test
was used. Two-sided P < 0.05 was considered significant.
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